Recent and ongoing optical experiments on mechanisms and methods for control and gating of spin relaxation in semiconductor quantum wells are reviewed. We discuss work on high-mobility two-dimensional electron gases in (001)-grown GaAs/AlGaAs wells which reveals two new aspects of D'yakonov, Perel' and Kachorovskii (DPK) spin dynamics, namely oscillatory spin evolution in a quasi-collision-free regime at low temperatures and strong deviation from the standard expectation that spin-relaxation rate will be proportional to electron mobility at higher temperatures. The latter may indicate that electron-electron scattering, neglected hitherto, is important for spin relaxation. Experiments on (011)-grown GaAs/AlGaAs quantum wells confirm that this orientation leads to extension of electron spin memory by as much as two orders of magnitude at room temperature due to suppression of the major contribution to DPK spin relaxation. Results for a sample with built-in electric field give a strong indication that, for this growth orientation, room temperature spin memory may be gated by external applied voltage.
Introduction
There is a growing interest in the possibility of exploiting the spin degree of freedom in addition to the charge of electrons in semiconductor devices [1] . Ideas exist for purely semiconductor as well as for hybrid metal-semiconductor devices, which may allow functions not provided by existing metallic spintronics [2] . Semiconductor quantum wells and two-dimensional electron gases (2DEGs) are likely to have a central role here and to exploit the behaviour of electronic spins it is necessary to understand the fundamental physics of spin-dependent phenomena in such quantum structures. We concentrate in this paper on recent [3] and ongoing optical experiments in two areas which are aimed first at elucidating the mechanisms of electron spin relaxation in very highmobility 2DEGs and second on methods for extending spin memory and for gating spin relaxation with applied electric field in quantum wells. The first topic is important because it has long been expected that the electron spin-relaxation rate will be proportional to the mobility ( [4, 5] and for review see [6] ), suggesting that high-mobility and long spin memory are not compatible. Our results [3] have lead to a modification of this view. The second topic is important since it concerns manipulation and gate control of spin memory.
In direct gap semiconductors optical measurements [1, 7] , both cw and time-resolved, are extremely effective probes of the electronic spin because absorption of circularly polarized photons allows injection of populations of spin-polarized carriers whose evolution may be probed using a variety of polarization-sensitive optical methods. In the experiments, we describe, a population of electrons is prepared in the conduction band of a GaAs quantum structure with a preferential alignment of spins along a particular axis (z), namely the growth axis in the sample, and we examine the evolution with time of the z-component of the total spin S z in zero applied magnetic field. The experiments therefore give information on the longitudinal relaxation time T 1 [6] .
Three basic mechanisms have been identified for spin relaxation of conduction electrons in zinc-blende semiconductors [6, 7] . (1) Spin-flips associated with electron scattering resulting from spin-orbit coupling, known as the Elliott-Yaffet (EY) mechanism. (2) Spin-flips induced by exchange interaction with an unpolarized population of holes, known as the Bir, Aronov and Pikus (BAP) mechanism. (3) Spin precession in flight between scattering events in the effective magnetic field represented by conduction band spin-splitting which we term [3] the D'yakonov, Perel' and Kachorovskii (DPK) mechanism [4, 5] . The spin-splitting results from combined effects of spin-orbit coupling and inversion asymmetry of the crystallographic and/or device structure [6] .
In this paper, we are not concerned with either the BAP or the EY mechanism; the former is only important for relatively high hole concentrations [7, 8] whereas for the latter the spin-relaxation rate (τ s ) −1 is proportional [7] to the electron momentum scattering rate, (τ * p ) −1 , so that it becomes relatively unimportant in high-mobility material where scattering is minimized.
On the other hand, spin reorientation via precession, as envisaged in the DPK mechanism, becomes more efficient for weak momentum scattering and so is the dominant mechanism for our samples. In general, the z-component of angular momentum is not an eigenvalue of the Hamiltonian and the individual electron spin vectors can therefore be considered to precess with an effective Larmor vector Ω k corresponding to the conduction band spin-splitting and which varies in magnitude and direction according to the electron's wavevector k. Usually a collisiondominated or 'motional-narrowing' regime can be assumed [4] [5] [6] [7] wherein |Ω| τ * p 1 with |Ω| the average precession frequency. Thus, the spin precession is interrupted frequently by momentum scattering and the spin reorientation proceeds as a sequence of many randomly oriented small spin rotations. In this regime, spin relaxation is actually inhibited by momentum scattering and is much slower than the average precession period. This gives exponential spin relaxation with rate
In this paper, we consider two questions concerning the DPK mechanism for 2DEGs in standard (001) oriented quantum wells where Ω k is oriented [5, 6] in the x-y plane. First, we examine the possibility of a collision-free regime in practical circumstances; that is where scattering is sufficiently weak that the electron spins precess more or less freely giving oscillatory rather than relaxational spin evolution. Second, we consider whether, as has been assumed [4] [5] [6] [7] , the momentum scattering time, τ * p , from spin relaxation can be equated to the drift momentum relaxation time, τ p , from the mobility. We also examine the special case of (011) oriented quantum wells for which the DPK mechanism is largely quenched [5, 9] because the component of Ω k due to bulk crystallographic inversion asymmetry is, to lowest order [6] , parallel to z for all k. The DPK relaxation may then, in principle, be gated 'on' by applying an odd-parity perturbation such as electric field [10] .
Experimental technique
We use a time-resolved technique in which we measure the rotation of the plane of polarization of an optical probe pulse reflected from the surface of the sample at a variable delay following excitation by a circularly polarized pump pulse. This has been referred to in the past as the specular inverse Faraday effect (SIFE) [11] . The experimental arrangement is illustrated in figure 1 . The pulses, pump and probe, are derived from a mode-locked Ti-sapphire laser and have the same wavelength which can be tuned to coincide with any particular feature in the absorption/reflection spectrum of the sample. The repetition frequency of the laser pulses is 75 MHz so that time evolutions on a scale of up to a few nanoseconds may be recorded and averaged without interference between 'laser shots'. The pulse lengths, ∼2 ps, are selected to give a compromise between adequate time-resolution and the corresponding spectral resolution, ∼0.3 meV, and the probe power density is typically 0.1× that of the pump. The pumpinduced changes of probe intensity ( R) and polarization rotation angle ( θ) are recorded using pairs of identical photodiodes whose currents are subtracted at the inputs of two transimpedance amplifiers. For determination of R, beam splitters are used to direct small fractions (∼4%) of the incident and reflected probe to the diodes; the intensities of the two beams incident on the diodes are adjusted to be exactly equal in the absence of the pump so that small pumpinduced changes in reflected power can be amplified and recorded. Photodiodes have very high dynamic range and frequency response up to many megahertz so that this balanced detector method has the advantage of very effective commonmode rejection of laser intensity fluctuations with bandwidth limited by the frequency response of the bare diodes. The amplifier characteristics affect only the amplified current difference and the transimpedance mode has the advantage that, for the gains typically required, signal-to-noise ratio is proportional to (gain) 0.5 3 . The overall sensitivity is limited, in principle, by detector/amplifier shot noise which can be minimized by lock-in detection. In practice, scattered pump light reaching the detectors is a serious source of extra noise which can also be minimized by lock-in techniques. Thus, the incident pump and probe beams are chopped at different audio frequencies and the lock-in detection is set at the sum of the two. For θ, a similar balanced detector arrangement is adopted but in this case the two beams are obtained using a birefringent, calcite, prism which is oriented in such a way as to separate spacially the components polarized at ±45t o the polarization axis of the reflected probe in the absence of the pump. Thus, very small pump-induced rotations can be detected and amplified as intensity differences in the two detectors, again with broad-band common-mode rejection of laser noise. The same sum-frequency lock-in detection is used to discriminate against scattered pump light which reaches the detectors. For the detected probe beam intensities we use, typically 10 microwatts, the sensitivity of the measurements is ∼1 : 10 6 . In our experiments, the laser is tuned to the bandedge or heavy-hole exciton absorption peak in the sample. Care is required in interpretation of the R and θ signals in terms of spin relaxation since they depend on the nonlinear mechanism by which the pump excitation changes the reflectivity. A variety of studies [12] [13] [14] have established that the main mechanism in the case of band-edge excitation is 'phase-space filling' in which photo-excited electrons and/or holes occupy conduction and valence band states leading to a change of oscillator strength of the transition due to the Pauli exclusion principle. For measurements at room temperature on undoped quantum wells and also at low temperatures on 2DEGs we have argued [3, 15] that, for reasons which differ subtly in the two cases, R can be used as a measure of the population of photoexcited carriers and θ as a measure of the net z-component of electron spin. Consequently, in both groups of experiments described in this article, their ratio gives the pure spin dynamics of the electrons. 10 nm (001)-grown modulation-doped GaAs/AlGaAs quantum well taken at several temperatures [3] . In this sample, the electron concentration is 1.86 × 10 11 cm −2 , giving a Fermi temperature E F /k B ≈ 70 K, and the measured mobility at 1.8 K is 2.6 × 10 5 cm 2 V −1 s −1 . The laser was tuned to inject spin-polarized electrons at the Fermi level; the estimated injected density is 2% of the electron concentration. On the timescales of figure 2 , the pump-induced reflection signal R was found to be constant within experimental error, so that θ has the time dependence of S z normalized for effects of electron-hole recombination. At the lowest temperature (1.8 K) the spin polarization evolves as a heavily damped oscillation of frequency 0.19 ± 0.02 rad ps −1 . This frequency is in reasonable agreement with the calculated average precession frequency, 0.24 rad ps −1 , based on calculation [3, 16] of the conduction band spin-splitting at the Fermi wavevector. The calculated spread of spin-splittings at the Fermi wavevector [3] is insufficient to explain the observed rapid damping of the oscillations through dephasing of contributions to S z from electrons with different directions of wavevector in collisionfree conditions. The behaviour therefore strongly indicates a quasi-collision-free regime in which the injected electron spins precess through no more than a few radians before interruption by momentum scattering. Indeed, we estimate that anisotropy has essentially no role in the observed behaviour [3] . At 10 K the evolution becomes exponential and as the temperature is further increased, the decay slows dramatically, the qualitative trend expected for the transition to a more standard collisiondominated regime as described by equation (1) with steadily increasing momentum scattering rate, (τ * p ) −1 . Figure 3 (solid squares and extreme left scale) shows the spin-relaxation times τ s obtained from these decays.
Spin evolution in high-mobility 2DEGs on (001) substrates
To extract the momentum scattering rate (τ * p ) −1 from the experimental spin evolutions we make a Monte Carlo electrons injected at the Fermi energy with an isotropic distribution of in-plane wavevectors and that these undergo random elastic momentum scattering with rate (τ * p )
−1 , which can be adjusted in the simulation. For simplicity and because, as explained above, anisotropy of the spin-splitting plays essentially no role in the evolution of S z , each injected electron is assigned the same precession frequency, which is also an adjustable, but its axis of precession is changed at random, in accordance with the theoretical vector Ω k [5, 16] as its wavevector is changed by the scattering events. The resultant z-component of spin S z is computed at each time step giving the solid curves in figure 2 . The 1.8 K data is best fit using a frequency of 0.19 ± 0.02 rad ps and τ * p = 6 ± 1 ps. This corresponds to |Ω| τ * p ≈ 1.2 confirming breakdown of the collision-dominated regime. At higher temperatures, where the evolution is exponential, we assume the same value of frequency since we do not expect the frequency to change greatly with temperature [3] and adjust the scattering rate to simulate the experimental decays. remains relatively constant. We must conclude that the usual assumption that τ * p is effectively the same as τ p is not true in this case.
The behaviour of (τ * p ) −1 and (τ p ) −1 shown in figure 3 suggests that electron-electron scattering, hitherto neglected, is the likely explanation of their difference. Electron-electron scattering will change the momentum of an individual electron and thereby randomize its spin precession as effectively as scattering from phonons or defects. However it does not change the net momentum of the interacting electrons so does not affect the mobility which is limited only by phonon or defect scattering [17] . Therefore in general we should expect to find (τ * p )
−1 > (τ p ) −1 , as observed. For the special case of electrons at the Fermi energy at T = 0 K the electron-electron scattering rate vanishes due to the Pauli exclusion principle [17, 18] so that under these conditions we expect the two rates to converge, again as observed. At finite temperatures the effects of the Pauli exclusion principle are relaxed and the electron-electron rate increases rapidly as a result of thermal broadening of the Fermi edge [18] ; the experimental results of Kim et al [19] and also Landau Fermi liquid theory [18] suggest that for our experimental conditions at T = 35 K (approximately half the Fermi temperature) the scattering rate will be ∼1 ps −1 , which is sufficiently close to the measured value of (τ * p )
−1 to give support to our interpretation. The importance of electron-electron scattering for spin relaxation in non-degenerate electron gases has recently been pointed out by Glazov and Ivchenko [20] . They demonstrated theoretically that for a given electron concentration electronelectron scattering is even more effective for randomizing spin precession than the scattering by ionized donors which give rise to the free electrons.
Progress towards gated spin memory in (011) quantum wells
At least two possible approaches to gate control of spin memory in GaAs quantum wells exist. The first exploits dependence of carrier spin-relaxation rate on gate-controlled electron or hole concentration. This type of effect was first demonstrated by Snelling et al [21] using cw luminescence measurements and more recently by Sandhu et al [22] using time-resolved techniques. Although the physical effects involved in these two experiments were not the same, a common obstacle to their exploitation is that they only work at low temperatures. This is overcome in a second proposed approach [10] to gate control which involves manipulation of the DPK precession frequency term Ω 2 in equation (1) using applied electric field.
The spin-splitting vector Ω k is a result of combination of lack of inversion symmetry and spin-orbit coupling. In a quantum well it has three contributions associated with distinct ways by which the inversion symmetry may be broken [6] ;
(1) In most cases, the major component comes from lack of inversion symmetry in the bulk zinc-blende crystal structure and is known as the Dresselhaus or bulk inversion asymmetry (BIA) term. For standard (001)-grown quantum wells the vector is oriented in the quantum well plane for all k, giving rise to precession and rapid relaxation of electron spins oriented initially along the growth axis. For the special case of (011)-grown quantum wells [5, 6, 10] , however, the vector is oriented along the growth axis and therefore, to a first approximation, does not cause precession or spin relaxation. In this special case spin relaxation is greatly slowed, as was predicted by Dyakonov and Kachorovskii [5] and first demonstrated experimentally by Ohno et al [9] , and occurs through other processes, either alternative forms of DPK precessional relaxation, detailed below, or through BAP or EY mechanisms [9] .
(2) Lack of inversion symmetry of the quantum well structure such as barriers of different height (e.g. different alloy composition) or due to the presence of an applied or effective built-in electric field along the growth axis induces a component of Ω k in the quantum well plane known as the Rashba or structural inversion asymmetry (SIA) term [6] . This will cause DPK precessional relaxation of spins initially aligned along the growth axis but it is often considerably weaker than the BIA term [3] and therefore plays only a minor role. However, in (011)-grown wells where the BIA component is inoperative Lau and Flatté [10] have predicted an approximate 100× increase in spin-relaxation rate at 300 K for application of 100 kV cm −1 to GaAs/AlGaAs wells. This is the basis of experimental progress, described below, towards gating of spin relaxation.
(3) Inversion symmetry may also be broken by asymmetry of orientation of covalent bonds at the quantum well interfaces [6, 23] which induces a component of the precession vector in the quantum well plane known as the natural interface asymmetry (NIA) term. This necessarily occurs in (001) structures if the wells and barriers do not share a common atom, as for example in the InGaAs/InP system ([InGa] being different from [In] in this context) but is not relevant in GaAs/AlGaAs which we are considering here or in (011) structures [6] . Our preliminary results are shown in figure 4 , which illustrates the behaviour of the θ signal at 300 K in three different GaAs/AlGaAs multi-quantum well samples. Each sample contains twenty 7.5 nm quantum wells separated by 12 nm Al 0.4 Ga 0.6 As barriers grown by MBE on semi-insulating substrates; for sample A, the substrate orientation is (001) while for B and C, it is (011). In samples A and C, all the layers are undoped whereas in B, the quantum wells and barriers are incorporated in the insulating region of a p + -i-n + structure formed by an n + GaAs layer grown beneath the quantum wells and a p + AlGaAs layer on top. Thus, in samples A and C there is no electric field whereas in the i region of the pin structure of sample B there is a built-in electric field calculated to be 25 kV cm −1 . Figure 4 shows a dramatic difference between the decay rates for samples A and C which is consistent with the quenching of the BIA effect in sample C and is essentially as observed by Ohno et al [9] . It confirms that growth on (011) substrates can provide a dramatic and potentially useful extension of spin memory. The decay for sample B is clearly much shorter than for C consistent with the expected effect of an electric field on (011)-grown wells. When the time dependence of the R signals is included and the decay rates are extrapolated to zero pump power, the values of spinrelaxation time obtained are 30 ps for sample A, 850 ps for sample B and 3500 ps for sample C. The values for B and C would be obtained from the Lau and Flatté [10] calculations assuming electron mobility ∼4000 cm 2 V −1 s −1 . Although we do not have direct measurements of the mobility in these quantum wells, this is a reasonable value for such MBE grown material. From this it seems clear that application of external bias voltage to the pin structure in future experiments will allow us to fully demonstrate gating of the spin-relaxation rate at 300 K in (011)-grown wells.
Conclusions
In this paper, we have summarized recent investigations of electron spin relaxation in high-mobility 2DEGs and of room temperature gating of the electron spin-relaxation process by application of electric field. We have studied the GaAs/AlGaAs system exclusively which we expect to be typical of relatively wide band-gap systems which share a common atom between well and barrier material but, even so, care must be exercised in extrapolating from these results to other material systems. In both investigations, the dominant mechanism is the precessional DPK spin-relaxation process driven by the conduction band spin-splitting.
In the 2DEG case, we have observed spin relaxation which becomes more rapid as the temperature is reduced, as expected for a collision-dominated regime, but at very low temperature we observe the onset of a quasi-collision-free regime where the spin evolution is oscillatory rather than relaxational. We have also found that, contrary to previous belief, the spinrelaxation rate is not directly proportional to the electron mobility. Instead the data strongly suggest that electronelectron scattering plays a fundamental role in spin relaxation and, for finite temperatures, will usually set an intrinsic upper limit to the spin-relaxation rate in high-mobility 2DEGs.
Our investigation into gating spin-relaxation concentrates on (011)-grown quantum wells in which it is known that BIA, the main source of DPK spin relaxation, is inoperative. Thus not only does (011)-growth give greatly extended spin memory but the spin relaxation, which is now dominated by the normally weaker SIA, may be gated on by external application of an odd-parity perturbation, namely electric field. Our preliminary results show a strong increase in spin-relaxation rate in a pin sample with a built-in field of 25 kV cm −1 compared to that for a very similar sample which has no built-in field. This change is in agreement with theoretical calculations which predict order of magnitude changes for greater, but achievable, applied fields. We therefore expect that this technique will open the way for gate control of spin relaxation in quantum wells at room temperature.
